Genetic variation underlies a significant proportion of the individual variation in human susceptibility to toxicants. The primary current approaches to identify gene-environment (GxE) associations, genome-wide association studies (GWAS) and candidate gene association studies, require large exposed and control populations and an understanding of toxicity genes and pathways, respectively. This limits their application in the study of GxE associations for the leukemogens benzene and formaldehyde, whose toxicity has long been a focus of our research. As an alternative approach, we applied innovative in vitro functional genomics testing systems, including unbiased functional screening assays in yeast and a near-haploid human bone marrow cell line (KBM7). Through comparative genomic and computational analyses of the resulting data, we have identified human genes and pathways that may modulate susceptibility to benzene and formaldehyde. We have validated the roles of several genes in mammalian cell models. In populations occupationally exposed to low levels of benzene, we applied peripheral blood mononuclear cell transcriptomics and chromosome-wide aneuploidy studies (CWAS) in lymphocytes. In this review of the literature, we describe our comprehensive toxicogenomic approach and the potential mechanisms of toxicity and susceptibility genes identified for benzene and formaldehyde, as well as related studies conducted by other researchers.
Introduction
For many environmental exposures that are toxic to humans, limited information is available about genetic determinants of susceptibility and mechanisms of action. For many years, we have studied the toxicity of benzene, a long-established cause of acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS); and formaldehyde, a recently classified human leukemogen. 1, 2 Both chemicals are hematotoxic at low levels of occupational exposure and target hematopoietic stem cells circulating in peripheral blood. 3, 4 However, the biological mechanisms, genes, and pathways involved in benzene 5 and formaldehyde 6 toxicity and susceptibility are poorly understood. The main approaches to identify geneenvironment (GxE) associations, genome-wide association studies (GWAS) and candidate gene association studies, require large exposed and control populations or an understanding of toxicity genes and pathways. Thus, their application in the study of GxE associations for benzene and formaldehyde is limited.
Here, we describe an alternative comprehensive toxicogenomic approach we, along with Chris Vulpe's group in the Department of Nutritional Science and Toxicology at the University of California, Berkeley, have taken in yeast and humans to discover genes and molecular pathways involved in toxicity induced by benzene and formaldehyde. We developed and applied innovative in vitro functional genomics testing systems, including unbiased functional screening assays in yeast 7, 8 and, more recently, in a near-haploid human bone marrow cell line established from a patient with chronic myeloid leukemia (KBM7), to identify genes that modulate susceptibility to benzene and its metabolites and to formaldehyde. We have validated the roles of several genes in mammalian cell models. 9, 10, 11, 12 In populations with well-characterized occupational exposure to benzene, we have profiled the human peripheral blood transcriptomes using microarray 13, 14 and nextgeneration RNA sequencing (RNA-Seq) technology 15 and we have examined chromosomewide aberrations using an innovative technique called chromosome-wide aneuploidy studies (CWAS). 16, 17 Table 1 summarizes the details of our functional genomics and omics approaches, listing the characteristics, advantages and limitations, and chemicals tested for each. These complementary approaches have increased our understanding of the mechanisms of leukemogenesis and potential determinants of susceptibility associated with benzene and formaldehyde.
Functional genomics screening methods to study genetic susceptibility to environmental toxicants
Humans vary in their susceptibility to toxicants and much of this variation likely occurs through genetic variation. 18 Identification of susceptible individuals is important for early detection and prevention of exposure-related disease and for chemical exposure risk assessment. Currently, GWAS and candidate gene-association studies are the main genomewide methodologies used to identify genes that contribute to human susceptibility to disease. In GxE studies, these methods test for an association of all genes or a subset of genes or pathways, respectively, with a toxicant-related phenotypic outcome on the disease causal pathway, proximal to exposure. Because GWAS test a huge number of variants by genotyping or genomic sequencing and require multiple test correction, large disease and control populations are necessary to identify significant associations. GWAS of benzene-and formaldehyde-associated AML, which has a low incidence and long latency, are not feasible or are prohibitively expensive. As fewer genes hypothesized to play a role in toxicant response are tested in the candidate gene-association study approach, smaller study populations are required and the studies are less expensive.
We have applied candidate gene-association studies to study susceptibility to benzene and formaldehyde toxicity. We identified associations between genetic polymorphisms in genes encoding specific metabolic enzymes, 19 cytokines, 20 DNA repair and genomic maintenance proteins, 21, 22 and cellular adhesion proteins with known or potential roles in niche function, 23 innate immunity 24 and increased susceptibility to benzene-induced hematotoxicity. Information on individual susceptibility to formaldehyde is currently limited. Polymorphisms in glutathione S-transferase genes and the DNA repair gene XRCC1 were reported to modulate the genotoxic effects (DNA and chromosome damage) of formaldehyde in an occupationally exposed population. 25, 26 In a separate study, human formaldehyde metabolism was shown to be related to aldehyde dehydrogenase 2 genotypes in exposed workers. 27 However, the targeted candidate gene approach is limited by our incomplete understanding of the genes and pathways likely to be important.
In a functional genomics approach, phenotype (e.g., cell growth) is directly measured, enabling the investigation of links between specific genes and their products in the cellular response to a toxic substance. 28 We have applied innovative in vitro functional genomics screening approaches to identify human susceptibility genes involved in benzene and formaldehyde toxicity, including a system assessing DNA damage and repair pathways in chicken DT40 B lymphocytes 29, 30 and unbiased functional screening assays in yeast 7 and near-haploid human cells (KBM7). 31 In these approaches, large-scale gene disruption or insertion techniques are employed to generate null allele mutants in specific pathways, e.g., DNA repair-deficient clones in DT40 cells, or in all non-essential genes, e.g. parallel deletion analysis (PDA) in yeast and insertional mutagenesis in human haploid KBM7 cells.
Comparison of cellular proliferation in wild-type and mutant cells exposed to toxic chemicals enables the ready identification of genes that are essential for cell survival. The yeast and haploid cell systems are high-throughput cell survival bioassays, in which the responses of multiple mutant variants are analyzed in parallel. Comparative genomic and computational analyses are applied to identify corresponding human susceptibility genes. We have applied a functional genomics approach that combines functional screening (yeast and human haploid cells) with targeted validation of candidate genes in mammalian cells to identify human susceptibility genes involved in benzene and formaldehyde toxicity. In the following sections, we describe our approach and similar approaches by other groups.
DNA repair pathways in chicken DT40 B lymphocytes
The DT40 cell line was established from the transformation of chicken B lymphocytes with an avian leucosis virus. 32 Through the use of different methods to render cells conditionally null for essential genes, a unique higher-eukaryotic system for comprehensive reverse genetic analysis of gene function was established. 29 The DT40 cell line exhibits highly efficient gene targeting and possesses a remarkably stable phenotype and karyotype. In addition, its rapid growth rate facilitates phenotypic analysis and its lack of functional p53 enables the analysis of genome instability. Isogenic mutant clones of all known DNA damage-response pathways are available. 33 Together, these features make the DT40 system useful for testing DNA-damaging agents.
Using the DT40 screening model, Yamazoe et al. 29 found a requirement for the homologous recombination (HR) pathway but not the non-homologous end joining (NHEJ) pathway in the repair of DNA damage induced by formaldehyde. DNA-protein crosslinks (DPC) are a type of DNA damage strongly induced by formaldehyde. Fanconi anemia patients are sensitive to DNA intrastrand crosslinking agents 34 owing to deficiencies in the FANC-BRCA DNA damage-response pathway. Using the DT40 reverse genetic model, Ridpath et al. reported that the FANC-BRCA pathway is essential to counteract DPC caused by formaldehyde and other aldehydes, as evident from the hypersensitivity to plasma formaldehyde levels of DT40 mutants deficient in pathway components. 35 FANCD2-deficient DT40 cells were the most sensitive to formaldehyde.
Validation of FANCD2 in formaldehyde toxicity in human lymphoblast cells
Ridpath et al. also showed that the FANC-BRCA pathway plays a role in formaldehyde toxicity in human cells, indicating the relevance of DT40 findings to human cells. Specifically, isogenic clones from colorectal cancer cell line RKO, harboring disrupted FANCC or FANCG genes, were found to be hypersensitive to formaldehyde compared to parental cells. 35 Recently, using human lymphoblast cell models of FANCD2 deficiency (PD20 cells) and sufficiency (PD20-D2 cells), we showed that the FANCD2 protein and the Fanconi anemia pathway are essential to protect against formaldehyde toxicity. 9 Treatment of the cells with formaldehyde (0-150 μM) for 24 h resulted in dose-dependent increases in DPC, cytotoxicity, micronuclei, chromosome aberrations, and apoptosis in both cell lines, with greater increases in FANCD2-deficient PD20 cells. Induction of BRCA2 in PD20 cells was compromised, potentially reducing the capacity of these cells to repair DPCs. Multiple additional FANC-BRCA and related proteins are involved in cellular resistance to DPC induced by formaldehyde 36 and could thus influence inter-individual susceptibility.
Thus, the DT40 system has proven potential to identify genes involved in formaldehyde toxicity. However, despite multiple assay improvements, including the development of a quantitative and high-throughput version of the DT40 screening assay, 30,37 the DT40 system is a genetic, not a genomic, screen.
Yeast PDA approach
Following the complete sequencing of the Saccharomyces cerevisiae genome, the systematic deletion of all identified genes for functional genomics studies became possible. Using a PCR-based approach and unique 20 bp "barcodes," open reading frames were disrupted to create a set of knockout yeast strains lacking both non-essential and essential genes. 38 The incorporation of barcodes enabled multiple deletion strains to be pooled and assayed for growth in a single assay. The parallel deletion analysis (PDA) method quantitatively analyses the fitness of every deletion strain tested simultaneously. 39, 40 In this approach, the molecular barcodes are amplified from all pooled culture strains present in a single PCR reaction and hybridized to microarrays containing oligonucleotide probes complementary to each barcode. The signals generated from each probe are proportional to the number of cells of the corresponding strain present in the sampled culture. Comparison of hybridization signals from exposed and unexposed control cells yields a fitness score that can be used to identify deletion strains with significantly altered growth 41, 42 and thus genes that are involved in toxicant response. S. cerevisiae is a good model for human and higher eukaryote disease and toxicity testing, as yeast has functional orthologs of many human disease genes. [43] [44] [45] Extensive annotation of the yeast genome and the availability of bioinformatics tools such as software for gene ontology (GO) and network analysis and ortholog identification, together with the quantitative fitness data from PDA, make this a powerful approach for understanding mechanisms of toxicity. 7 Yeast PDA of phenolic benzene metabolite toxicity Using yeast PDA, we sought to identify yeast genes and pathways that modulate the cellular toxicity of three phenolic metabolites of benzene, hydroquinone (HQ), catechol, and 1,2,4-benzenetriol. 8 We exposed pools of 4607 yeast deletion mutants to equitoxic concentrations of the metabolites that induced 20% growth inhibition of the wild-type strain (IC 20 ) and 50% and 25% of the IC 20 , for 5 and 15 generations of growth (5 g and 15 g ). Using differential strain sensitivity analysis (DSSA), we identified yeast genes required for tolerance to these compounds. The numbers of genes identified was correlated with dose and generations of growth. We identified multiple genes that have human orthologs and therefore could be novel targets or modulators of benzene toxicity in humans. We found that the primary mechanism of toxicity of these benzene metabolites is induction of oxidative stress, in agreement with findings in previous studies in other organisms. [46] [47] [48] Other processes identified as important for benzene metabolite tolerance such as the vacuole, iron homeostasis, and lipid peroxidation may result from oxidative stress. IRA2, a modulator of ras signaling, was required for tolerance to HQ in yeast. Several homologous recombination (HR)-deficient mutant strains were sensitive to treatment with HQ. One yeast HR gene thus identified, SGS1, is an ortholog of the human genomic maintenance gene WRN. Polymorphic variants of WRN were previously associated with increased susceptibility to benzene-induced hematotoxicity in an exposed population. 22, 49 Yeast PDA of formaldehyde toxicity
In a pilot yeast PDA study, 50 we identified potential formaldehyde susceptibility genes and pathways. We exposed yeast homozygous deletion pools to IC 20 , 50% IC 20 , and 25% IC 20 and selected sensitive strains after 15 generations. Several yeast genes involved in mRNA processing, including the alcohol dehydrogenase enzyme SFAIP, were required for formaldehyde tolerance. SFAIP is known to be involved in formaldehyde metabolism in yeast, and its human ortholog ADH5 has been similarly implicated in human formaldehyde metabolism. 51 Several genes involved in the repair of DNA damage were also found to be required for formaldehyde tolerance in our pilot study. Many of the identified genes also have confirmed human orthologs. MUS81 (human ortholog: MUS81) encodes a crossover junction endonuclease, which is involved in replication fork stability, DNA repair, and meiotic joint molecule resolution. Other genes identified indicate a requirement for nucleotide excision repair (NER), Rad1 (human: ERCC4) and homologous DNA repair, RAD51 (human: RAD51), and RAD57 (human: XRCC3), suggesting that formaldehyde produces multiple forms of DNA damage. Using a less rigorous and quantitative yeast screening methodology to screen for genes involved in formaldehyde toxicity, De Graaf et al. identified genes involved in DNA repair and tolerance pathways that confer formaldehyde resistance under acute and chronic exposure conditions. 52 Following chronic low-dose exposure, strains containing deletions in genes mediating HR showed the greatest sensitivity. Following acute formaldehyde exposure, repair and/or tolerance of DNA-protein crosslinks was reportedly mediated by NER without the accumulation of double-strand breaks.
Validation of human orthologs of yeast PDA genes in mammalian cells
We used in vitro knockdown approaches to confirm and clarify the functional roles of candidate benzene susceptibility genes identified by yeast PDA, an approach which we had previously used successfully to validate arsenic susceptibility genes. 53, 54 We conducted several studies of WRN, the human homolog of yeast SGS1, a HQ-resistant gene identified by PDA. First, through transient silencing using short interfering RNA (siRNA), we showed that WRN plays an important role in the protection of HeLa cells against toxicity of the benzene metabolite, HQ, by supporting a normal DNA-damage response to DNA doublestrand breaks. 10 Second, through stable WRN knockdown in HL60 cells using short hairpin RNA (shRNA), we showed that loss of WRN increases genomic instability and enhances genotoxicity induced by HQ. 11 Third, in follow-up in vitro studies, we showed that additional factors modulate the effects of WRN deficiency on cell proliferation and genomic instability and that carcinogenesis induced by WRN deficiency might be influenced by p53 status. 12 As mentioned earlier, WRN polymorphisms were independently found to be associated with increased susceptibility to benzene-induced hematotoxicity in an exposed population. 22, 49 Together, these data provide mechanistic support for the link between WRN and benzene-induced hematotoxicity, and possibly benzene-induced leukemia.
As mentioned above, IRA2, a modulator of ras signaling, was required for tolerance to HQ in yeast. In a follow-up study, we showed that HQ toxicity was modulated by ras signaling in both yeast and human cells and that NF1 knockout mice exhibited an increased level of DNA damage in erythroid progenitors and increased proliferation of colony forming unitgranulocyte/macrophage (CFU-GM) progenitors, which together could increase risk of myeloid disease (unpublished data). We are currently validating roles for genes identified in yeast PDA screens of formaldehyde toxicity in mammalian cells.
Haploid screening systems Human haploid cell line
Recently, an insertional mutagenesis system that screens directly for human susceptibility genes was developed from a derivative of a human chronic myeloid leukemia cell line (KBM7). 31 KBM7 has half the human diploid DNA content, apart from a disomy of chromosome 8. An insertional mutagenesis library (KBM7-Mu) covering most nonessential human genes was developed using a gene-trap retrovirus. Thus, genes whose insertional disruption allows cells to survive and proliferate in a selective environment can be identified. Using this approach, Carette et al. identified genes involved in susceptibility to influenza infection and diphtheria toxin and exotoxin A cytotoxicity. We have used the KBM7-Mu cell line to screen for genes conferring resistance to benzene metabolites and formaldehyde. 55 In addition, we adapted the screening method to use a semi-solid rather than a liquid medium, thus shortening the screening process by 2-3 weeks. Preliminary results have identified several genes with a potential role in susceptibility to toxicity of these exposures, and we are currently confirming our findings.
Mouse haploid embryonic stem cells
We are currently establishing a mouse embryonic stem cell (ESC)-screening system that will combine the power of a haploid genome with the pluripotency of ESCs to identify susceptibility to toxicants in relevant cell types, such as hematopoietic stem and progenitor cells in the case of leukemia, at a genomic scale as described by Elling et al. 56 and others. [57] [58] [59] [60] [61] Elling et al. reported the generation of haploid mouse ESC lines, which carry 20 chromosomes, express stem cell markers, and develop into all germ layers in vitro and in vivo, from parthenogenetic embryos. They also developed a reversible mutagenesis protocol that allows saturated genetic recessive screens and results in homozygous alleles.
Through the functional genomic approaches described here, we have identified and validated human genes involved in susceptibility to toxicants.
Genomic-wide approaches to understand mechanisms of toxicity
We have applied additional omics methods to further our understanding of benzene toxicity in the blood cells of occupationally exposed workers. We conducted transcriptome profiling of PBMC, by microarray and RNA-Seq, and analysis of chromosomal aneuploidy in lymphocytes across all chromosomes using fluorescent in situ hydrization (FISH)-based CWAS. Through these approaches, we have identified genes and chromosomes targeted by benzene exposure and gained insight into toxicity pathways and mechanisms, as described in the following sections.
Chromosome-wide association studies (CWAS)
Aneuploidy is a potential mechanism underlying benzene-induced leukemia, suggested by the detection of chromosomal aneuploidies in benzene-related leukemia, pre-leukemia patients, 62 and healthy workers exposed to benzene. 16, [62] [63] [64] [65] In these studies, classical cytogenetics and FISH were applied to analyze chromosomes hypothesized to play a potential role in benzene-induced AML. An apparently selective effect of benzene or its metabolites on monosomy and trisomy of certain chromosomes was observed in human lymphocytes in vitro 66, 67 and in benzene-exposed workers. 63, 65 In order to systematically analyze aneuploidy, we developed a novel CWAS approach, comprising a triple-color painting FISH method called OctoChrome FISH, which simultaneously detects aneuploidy in all 24 chromosomes on a single eight-square slide. 68 
CWAS studies in benzene-exposed workers
In a pilot study, we analyzed aneuploidy in the peripheral blood lymphocytes of six benzene-exposed workers (> 5 ppm) and five unexposed controls by CWAS. We found significant increases in the rates of monosomy of chromosomes 5, 6, 7, and 10 and trisomy of chromosomes 8, 9, 17, 21 and 22 in the exposed workers. 16 In a more recent study, we analyzed aneuploidy by CWAS in 47 benzene-exposed workers (< 10 ppm and ≥ 10 ppm) and 27 unexposed controls from the same study population. 17 The monosomy and trisomy rates of the 22 autosomes showed heterogeneity when plotted against continuous benzene exposure. In the benzene-exposed workers, we found statistically significant, dosedependent increases in the aneuploidy rates of specific chromosomes, and of a priori defined "susceptible" sets, compared with all other chromosomes. Thus, our systematic CWAS approach confirmed that specific aneuploidies are selectively induced by benzene in a dose-dependent manner and may play roles in benzene-induced leukemogenesis. Benzeneassociated aneuploidies from earlier studies were validated and new associations were revealed. The underlying mechanisms by which benzene may induce aneuploidy, such as errors in chromosome segregation, as a consequence of incorrect microtubule-kinetochore attachments or failure of the spindle checkpoint; 69 dysfunctional telomeres; 70 and chromosome architecture 71 remain to be determined. Altered expression of certain genes may also play a role in aneuploidy; 72 we have performed transcriptome profiling subjects in the same population, 73 as described in the next section.
Applying the same approach, we are currently analyzing aneuploidy and structural chromosomal changes in formaldehyde-exposed workers.
Transcriptomics
Using gene expression microarrays, we identified genes and pathways altered by exposure to high (> 10 ppm) levels of benzene in PBMC from a small number of occupationally exposed and unexposed control workers, 13,14 matched by age, gender, and smoking status. Later, we analyzed a much larger group of subjects from this population (n = 125) who were exposed to a range of benzene levels, from < 1 ppm, the current U.S. occupational standard, 74 to > 10ppm. 73 Study design and analysis with a mixed effects model minimized potential confounding and experimental variability. Overall, benzene exposure significantly (FDRadjusted P-values ≤ 0.05) altered expression of 3007 probes representing 2846 genes, relative to unexposed controls. Highly significant widespread perturbation of gene expression was observed at all exposure levels. Immune response was the most significant biological process identified by GO analysis. The AML pathway was among the pathways most significantly associated with benzene exposure. Other affected pathways included tolllike receptor signaling, oxidative phosphorylation, B cell receptor signaling, apoptosis, and T cell receptor signaling. In the same study, we identified a 16-gene expression signature upregulated at all levels of benzene exposure. The signature genes are involved in immune response, inflammatory response, cell adhesion, cell-matrix adhesion, and blood coagulation. Our findings suggest that chronic benzene exposure, even at levels below the current U.S. occupational standard, perturbs many genes, biological processes and pathways.
As recently reviewed by us, RNA-Seq offers some advantages over microarrays in the analysis of the human transcriptome. 75 RNA-Seq is more sensitive [76] [77] [78] and has a wider dynamic range for the quantification of gene expression 79 than microarrays. It also has the ability to detect both coding and non-coding RNAs, as well as novel transcripts and alternative splice variants. Therefore, in a pilot RNA-Seq study, we analyzed the transcriptomes of 10 workers highly exposed (> 5 ppm) to benzene and 10 unexposed control study subjects 15 previously analyzed by microarray. 73 We found that RNA-Seq was more sensitive than microarrays in the detection of transcripts expressed at lower levels. We identified 146 statistically significant differentially expressed genes (including 29 noncoding RNAs) by RNA-Seq compared with one gene by microarray, in the 20 subjects. Differential splicing (in six transcripts, false discovery rate < 0.05), a known leukemogenesis pathway, 80 was identified as a potential mechanism of benzene toxicity. Overall, this pilot study shows that RNA-Seq can complement microarrays in the analysis of changes in transcript expression resulting from chemical exposures. We are currently expanding our benzene RNA-Seq study to analyze more samples and additional alterations in the transcriptome.
Conclusions and future directions
We have applied a comprehensive toxicogenomic approach to discover genes and molecular pathways involved in benzene and formaldehyde toxicity. Using innovative in vitro functional genomics testing systems in yeast, in conjunction with validation in mammalian cells by knockdown studies, we have identified and validated candidate human susceptibility genes. We are optimizing the human haploid screening system in KBM7 cells and are adopting a mouse haploid ESC method, increasing our ability to identify relevant genes.
Mechanisms of toxicity were also revealed by our functional genomic studies. Additional mechanistic information has come from transcriptomic and chromosomic studies that we have conducted in populations with well-characterized occupational exposure to benzene. Through these studies, we have identified gene expression and chromosome targets of benzene and formaldehyde, established human leukemogens. These complementary approaches have increased our understanding of the mechanisms of leukemogenesis and potential determinants of susceptibility associated with benzene and formaldehyde. In future studies, we will analyze additional omic endpoints in our benzene-exposed population (DNA methylation, miRNA expression), following up on earlier pilot studies, 81 and will measure a range of omic endpoints in populations occupationally exposed to formaldehyde. We will develop and apply bioinformatics methodologies to perform cross-omic analysis in a systems biology approach. 81 
